Aggregates of the "major" outer membrane proteins, "porins," of Salmonella typhimurium form diffusion channels in reconstituted vesicle membranes. The aggregate consists of three species of porins with apparent molecular weights of 34,000, 35,000, and 36,000 when active aggregates are subjected to sodium dodecyl sulfate-acrylamide gel electrophoresis after heating in the presence of sodium dodecyl sulfate (Nakae, J. Biol. Chem. 251:2176Chem. 251: -2178Chem. 251: , 1976. Single species of porins were isolated by solubilization of membranes and subsequent gel filtration in the presence of sodium dodecyl sulfate from the mutant strains of Salmonella typhimurium that produced only single species of porin. The single species of porins of either 34,000, 35,000, or 36,000 daltons formed diffusion channels when assayed for sucrose permeability in the vesicle membranes reconstituted from porins, phospholipids, and lipopolysaccharides. The exclusion limits of the pores made of single species of porins were not distinguishable from each other and from the exclusion limits of the pores made of the porin aggregates from the wildtype strain, when the permeability of vesicle membranes to radioactive di-, tri-, and tetrasaccharides and to various sizes of radioactive polyethylene glycol was determined. Porin-deficient mutants produced residual amounts of porin amounting to 1 to 5% that produced by the parent strain. This residual porin made diffusion channels when the isolated porins were incorporated into the vesicle membrane and assayed for permeability of saccharides.
The envelope of gram-negative bacteria consists of two membranes, the outer membrane and the inner membrane (5) . The outer membrane, the outermost layer, is known to act as a permeability barrier for certain classes of saccharides (4, 13) , oligopeptides (19) , hydrophobic dyes, and antibiotics (15) . The exclusion limits of the outer membrane for neutral saccharides and oligopeptides have been studied by determining the diffusion of radioactive saccharides and the utilization of fractionated oligopeptides, respectively; it has been concluded that saccharides and oligopeptides with molecular weights larger than 600 cannot pass through the outer membrane (4, 13, 19) , but the membrane is quite permeable to small hydrophilic molecules such as sucrose, glucose, and amino acids.
The protein composition of Escherichia coli and Salmonella typhimurium outer membrane was found to be rather simple, with only 13 to 18 species of proteins present (6, 14, 21) . Of the proteins, approximately 60% were found in only three to four species of so-called "major" outer membrane proteins, including peptidoglycan-associated proteins (20) .
The selective permeability of the outer membrane was restored in reconstituted vesicle membranes made of phospholipids, lipopolysaccharides (LPS), and outer membrane protein(s) (10) but not in the vesicle membrane made of phospholipids and LPS only (16) . When membrane protein that confers this permeability property to the vesicle membranes was sought by solubilization and fractionation of the membrane proteins in the presence of sodium dodecyl sulfate (SDS), such activity was found in the peptidoglycan-associated aggregates of outer membrane proteins in E. coli and Salmonella (11, 12) . The membrane proteins identified in such protein aggregates by SDS-acrylamide gel electrophoresis were the proteins with apparent molecular weights (we refer to various proteins by their apparent molecular weights throughout this paper; the apparent molecular weight x 10-3 is followed by the letter K) of 36.5K in E. coli and 34K, 35K, and 36K in S. typhimurium (11, 12 (1) . This strain was used for the identification of porins in S. typhimurium in our previous study (12) .
Isolation of envelope fraction and preparation of porins. Cells were grown in 2.5 liters of L-broth (2) and were harvested at the late exponential phase by centrifugation. Approximately 6 to 7 g (wet weight) of cells was resuspended in 30 ml of 10 mM HEPES (N-2-hydroxyethyl piperazine-N'-2-ethanesulfonic acid)-NaOH buffer (pH 7.4) after washing once with 500 ml of distilled water. The cell suspension was passed through a French pressure cell at 15,000 lb/in2 three times and was centrifuged at 40,000 x g for 30 min. The total protein of the French pressure cell-treated extract was approximately 1 g. The pellets were resuspended, after being washed once with 30 ml of 10 mM HEPES-NaOH buffer (pH 7.4), in 5 ml of a 10 mM concentration of the same buffer. These envelope fractions containing roughly 50 to 100 mg of protein were mixed with 40 ml of 2% SDS at 35°C for 30 min. The sample was centrifuged at 40,000 x g for 30 min, and the treatment of the sample was repeated again as above by resuspension of the centrifuged pellets in 40 ml of 0.1% SDS. The centrifuged pellets were washed five times with 40 ml of distilled water by repeated centrifugation at 40,000 x g for 30 min and finally on July 9, 2017 by guest http://jb.asm.org/ dialyzed against 4 liters of 3 mM NaN3 overnight at 4°C. This material containing 10 to 35 mg of protein in 2 to 2.5 ml of 5 mM tris(hydroxymethyl)aminomethane-hydrochloride buffer (pH 7.4) was treated with 100 jig of lysozyme per ml at 37°C for 2 h, followed by 100 ,ug of trypsin per ml for an additional 2 h at 37°C in the presence of 3 mM NaN3.
Gel filtration and SDS-acrylamide slab gel electrophoresis. Gel filtration and SDS-acrylamide slab gel electrophoresis were described previously (12) .
Reconstitution of vesicles and assay for permeability. The reconstitution of vesicles and the assay for permeability were reported previously (11, 12) .
Other methods. Protein was determined by the method of Lowry et al. (8) . Phospholipids and LPS were prepared and quantitated as described previously (16) .
Determination of exclusion limits. The size of saccharides and polyethylene glycols that pass through the reconstituted vesicle membranes made of various single species of porins isolated from appropriate mutants was determined by a procedure that was described previously (11, 12 
RESULTS
Isolation of porins from mutant strains. We have previously shown that aggregates or oligomers of peptidoglycan-associated outer membrane proteins that confer permeability channels in reconstituted vesicles could be isolated as SDS-insoluble material at room temperature. We applied this procedure to isolate porin complexes from the mutant envelopes as SDS-insoluble material, assuming that single species of 34K, 35K, or 36K porins associated with peptidoglycan independently.
The envelope fraction was treated with SDS at 35°C for 30 min and was centrifuged (see above). The pellets were washed five times with distilled water to reduce SDS and were resuspended in small amounts of 5 mM tris-(hydroxymethyl)aminomethane-hydrochloride buffer, pH 6.8. The SDS-insoluble materials isolated from respective strains were shown to contain porins by SDS-acrylamide gel electrophoresis after heat dissociation of the protein peptidoglycan complex in the presence of SDS (data not shown). It is clear from this result that single species of porins associate with peptidoglycan remaining as SDS-insoluble material at low temperatures. The porin oligomer did not form pel-
lets by centrifugation at 40,000 x g in SDS when SDS-insoluble aggregates were treated with lysozyme. The SDS-insoluble material treated with lysozyme and trypsin under appropriate conditions was subjected to gel filtration on a Sepharose 4B column in the presence of SDS, and the material eluted at the exclusion volume of the column was collected. Normally, the porin aggregates that can confer sucrose permeability to the reconstituted vesicles were eluted at this position and also in the fractions immediately after the void volume (complex II [12] ). This latter fraction, complex II, was discarded in the present experiment. The column eluates at the exclusion volume were pooled and dialyzed against 3 mM NaN3, as described earlier (12), to reduce SDS. The dialyzed material was used for the characterization of porins isolated from mutant strains as well as from the parent strain. Table 2 shows the purification of porin complexes from the mutant strains and from their parent strain. As can be seen in Table 2 , the amount of partially purified porins obtained as complex I was markedly reduced in strains that produced single species of porins as compared with the parent strain. The reduction of this material in strains that were defective in two species of porins, strains SH6260 and SH6261, was even more significant. This reduced amount of porin was probably due to a real reduction of porin in mutants rather than to losses during manipulations, since the amount of porin seen on stained SDS-acrylamide gels of total envelope protein after electrophoresis showed a similar tendency (18) .
As judged from the appearance of stained acrylamide gels after electrophoresis of partially purified porins, complex I, mutations in SH5551, SH6017, and HN407 for 34K, 36K, and both 34K and 36K porins, respectively, resulted in a marked reduction of these proteins, as we saw (7) . For strains SH6260 and SH6261, 20 jig ofprotein was applied. The concentration of acrylamide for the separating gel was 10%o, and that for the stacking gel was 5%. An unidentified protein, which appeared above the 35Kporin, was always copurified with the 35Kporin in strain HN407. no trace of the band that is expected to be absent (Fig. 1) . However, trace amounts of 35K porin were found in strains SH5551 and SH6017.
Total cell envelope fractions prepared from porin-deficient mutants, strains SH6260 and SH6261, retained residual amounts of 35K porin when this material was subjected to SDS-acrylamide gel electrophoresis. These very small amounts of porin were also found as peptidoglycan-associated material, although we are not certain how much of this mutant porin was recovered as peptidoglycan-associated porin. The stained SDS-acrylamide gel after electrophoresis of complex I obtained from mutants showed that much of the protein in this fraction was nonporin proteins (Fig. 1) . Residual amounts of 35K protein found in strains SH6260 and SH6261 are probably not due to a leaky mutation of gene(s) involved in the production of 35K protein, since the appearance of this porin seems to be repressed by salt in the growth medium, as was found in E. coli 0-9 (22) . In fact, these strains produced elevated amounts of 35K protein when cells were grown in a low-salt medium (Nakae, unpublished data).
Vesicles reconstituted from single species of porins are permeable to saccharides. The questions to be asked are whether single species of porins produce transmembrane channels or whether all three species of porins are necessary for making pores. These were tested by reconstitution of membrane vesicles with phospholipids, LPS, and the column eluates of the porins prepared from mutant strains deficient in other porins, after reducing SDS by dialysis. Table 3 dextran (average molecular weight around 70,000) and 3H-labeled saccharides or 3H-labeled polyethylene glycols as described previously (see reference 12). For the permeability assay, 1)00 ,l of vesicle suspension was diluted into 10 ml of the solution containing 1 mM HEPES-NaOH (pH 7.2), 100 mM NaCl, and 10 mMMgCl2, and the diluted vesicle suspension was filtered through a membrane filter (Millipore Corp.) after 1 min at room temperature (see reference 12). (A) 3H-labeled saccharides used were [3HJsucrose, pHJraffinose, and pH]stachyose; (B) 3H-labeled polyethylene glycols used for the experiment had molecular weights of 400, 600, and 1,000. (Fig. 2) . As can be seen in Fig. 2A (18) .
Single species of porins could be purified from strains SH5551, HN407, and SH6017 as SDSinsoluble, peptidoglycan-associated material and were disaggregated to some extent by treatment with lysozyme. Therefore, it became obvious that all single species of porins interact with peptidoglycan and form SDS-insoluble complexes independently, without requiring the presence of any specific porin. Although the nature of the interaction between peptidoglycan and porin oligomers is not entirely clear, it has been suggested that ionic forces are involved (22) . This fraction, as well as the Sepharose column eluate, complex I, from such mutants formed transmembrane permeability channels when reconstituted into vesicles with phospholipids and LPS.
Nurminen et al. reported that the porin-deficient mutants SH6260 and SH6261 show no apparent growth defect in complete medium (18) . However, they have been shown to have decreased permeability for the diffusion of ,Blactam antibiotics (17) . Such porin-deficient mutants were shown to produce approximately 1 to 5% of the amount of porin produced by the parent strain. Therefore, we would like to determine how much of the small molecules, e.g., glucose, could diffuse through the mutant outer membrane. Rosenbusch (20) estimated that a single cell of E. coli B produces 105 copies of porin. If we assume that a similar number of porin copies exist in the wild-type strain of Salmonella, the double mutants possess 1 x 103 to 5 x 103 copies of porin per cell. We have obtained preliminary results suggesting that porin trimers seem to be the smallest porin aggregate that can produce permeability channels in reconstituted vesicles (M. Tokunaga and T. Nakae, manuscript in preparation). Therefore, a single cell of wild-type Salmonella can make 3.3 x 104 diffusion channels on the surface of the outer membrane, and that of the porin-deficient mutant will be 3.3 x 10' pores. Nikaido et al. (17) calculated that the permeability coefficient of the outer membrane of SH5014 to fl-lactam antibiotics is of the order of l0' cm/s on the basis of the simplified and theoretical outer membrane permeability to f8-lactam antibiotics calculated by Zimmermann and Rosselet (24) . We know that the diffusion of sucrose through vesicle membranes made of porin is more than 10 times faster than that of raffinose, a molecule with a size similar to cephaloridine (11, 12) . Thus, the permeability coefficient of the outer membrane to a compound with a size similar to sucrose must be at least 10-4 cm/s for a wildtype strain and 1 x 106 to 5 x 106 cm/s for porin-deficient mutants. Similarly, Bavoil et al.
(in press) calculated that the permeability coefficient of the outer membrane of a wild-type E. coli strain is greater than 1 
